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Abstract
Spores represent the most vulnerable life history stage of kelps. While UV-induced inhibition of spore germination has 
been readily documented, the impact of in situ underwater radiation below kelp canopies has been largely overlooked. We 
determined spectral composition and intensity of underwater radiation along a density gradient in an Alaria esculenta kelp 
forest at 3 m depth in Kongsfjorden, Svalbard. Accordingly, we set up a laboratory experiment simulating five different 
radiation conditions corresponding to irradiances under very dense to no canopy cover on a cloudless summer day. Spore 
responses (photosynthetic quantum yield, pigment and phlorotannin contents, swimming activity, and germination success) 
were determined after 4, 8, 16, and 24 h of exposure. In situ spectral radiation composition differed strongly from condi-
tions applied in previous studies, which underestimated photosynthetically active radiation and overestimated UV-radiation 
effects. Furthermore, spore solutions differed significantly in quantum yield, pigment, and phlorotannin contents upon 
release. Nevertheless, spores reacted dynamically to different radiation conditions and exposure times. Highest radiation 
(PAR 61.8 W m−2, 1.9 W m−2 UVA, 0.01 W m−2 UVB) caused photodamage after exposure for ≥ 8 h, while intermediate 
radiation led to photoinhibition. Lowest radiation (PAR 0.23 W m−2, 0 W m−2 UVA, 0 W m−2 UVB) caused inconsistent 
reactions. There was a reduction of absolute pigment content in all treatments, but reduction rates of photosynthetic pigments 
were significantly different between radiation treatments. Soluble phlorotannin content decreased under all conditions but was 
not significantly affected by experimental conditions. High radiation reduced swimming activity of spores, but experimental 
conditions had almost no effect on germination success. Consequently, it seems unlikely that in situ radiation conditions 
negatively affect spores in present and future radiation scenarios.
Keywords UV-radiation · Arctic · Laminariales · Photosynthetically active radiation · Germination
Introduction
Climate change will affect polar environments faster and 
more severely than other regions on earth (Mann et al. 1998; 
Tokinaga and Xie 2011; Larsen et al. 2014). During the 
recent years, a severe sea-ice retreat has been observed in the 
Arctic due to increasing temperatures, and a nearly sea-ice-
free Arctic may be expected by 2037 (Wang and Overland 
2009). An earlier and prolonged sea-ice-free period might 
have strong implications for the Arctic marine flora and 
fauna due to a prolonged exposure to solar radiation (Larsen 
et al. 2014). In 2011, the first record of ozone depletion 
comparable to Antarctic ozone loss was detected over the 
Arctic (Manney et al. 2011), and it is likely that such condi-
tions may occur more often in future (Dameris et al. 2014). 
Therefore, it is plausible to assume that organisms will have 
to cope with higher UV-radiation (UVR) throughout longer 
sea-ice-free seasons.
Kelp forests provide invaluable ecosystem services to 
coastal temperate and Arctic environments (see, e.g. Christie 
et al. 2003), but diverse negative impacts of enhanced UVR 
on kelp spores have been reported by Wiencke et al. (2000), 
Wiencke et al. (2004), Roleda et al. (2006a, b), Wiencke 
et al. (2007a), Steinhoff et al. (2008), Müller et al. (2008, 
2009), Fredersdorff et al. (2009). These range from direct 
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effects on physiological parameters such as photosynthetic 
quantum yield to integrated parameters such as germina-
tion success, making spores the most vulnerable life his-
tory stages of kelps (Roleda et al. 2006c). Hence, the former 
authors concluded that declining ozone concentrations and 
concomitant higher UVR exposure could negatively affect 
recruitment in Arctic kelp forests. Most of these studies were 
performed under laboratory conditions or just below the 
water surface. Already Wiencke et al. (2006) pointed out that 
artificial and natural irradiance conditions differ strongly in 
intensity as well as spectral composition, challenging the 
transferability of experimental findings to natural ecosys-
tems. Furthermore, the protection of kelp spores from harm-
ful UVR doses by parental canopies is unknown. Pearse and 
Hines (1979), Gerard (1984), Santelices and Ojeda (1984a, 
b) and Pavlov et al. (2019) described the strong decrease of 
incoming radiation though kelp canopies.
In this study, we thus aimed at quantifying the protec-
tion of spores by a parental canopy for the first time. We 
investigated the capability of spores of an Arctic kelp 
species (Alaria esculenta) to biochemically acclimate to 
radiation conditions mimicking different kelp canopy den-
sities. We simulated the radiation regime in the laboratory 
according to in situ radiation measurements and quanti-
fied physiological responses (photosynthetic quantum 
yield), biochemical acclimation (phlorotannin and pigment 
adjustments), as well as germination success of A. escu-
lenta spores after exposure to the respective experimental 
conditions. We hypothesized that parental kelp canopies 
alter the incoming radiation sufficiently to provide shelter 
from harmful (excessive) UVR and high photosynthetically 
active radiation (PAR) for spores within the kelp forest to 
ensure recruitment.
Material and methods
Alaria esculenta (Linnaeus) Greville dominates the sublit-
toral zone of Kongsfjorden (79°N, 12°E) below 2.5 m down 
to 15 m depth together with the kelps Saccharina latissima, 
Laminaria digitata, Saccorhizadermatodea and Laminaria 
solidungula (Hop et al. 2002; Bartsch et al. 2016).
Preliminary light regime measurements
Solar radiation was measured in-air on the coast of Kongs-
fjorden on June 16, 2015 at noon and under clear sky con-
ditions with a TriOS RAMSES spectroradiometer (TriOS 
RAMSES, type SAM ACC UV/VIS; TriOS GmbH, Rast-
ede, Germany; software msda_xe version 7.0; cosine sensor; 
spectrum from 280 to 700 nm wavelength; calibrated for 
in-air measurements). These measurements provided the 
basis for laboratory simulations of high radiation condi-
tions simulating clear days. To determine the underwater 
radiation regime, the same measuring device (calibrated for 
underwater measurements) consecutively was placed outside 
and inside a A. esculenta dominated kelp forest at 3 m depth 
by SCUBA divers on June 17, 2015 under homogenously 
cloudy conditions off Hansneset, Kongsfjord (N 78°59′05.6″, 
E 011°57′48.7″, Fig. 1). The sensor was kept vertically. 
Simultaneously, in-air measurements were conducted with 
a second device as reference for fluctuations in radiation. 
Radiation was measured under different kelp densities, rang-
ing from no kelp canopy (outside the kelp forest) to a very 
dense canopy.
To be able to compare field conditions with other studies, 
vertical attenuation coefficients (Kd) were calculated accord-













)−1 , with Ed being 
radiation at depths z1 (just below the water surface) and z2 
(3 m depth).
Experimental setup
The in situ radiation measurements served as reference 
to adjust experimental radiation conditions in the labora-
tory. First, we calculated UVB—(280–320 nm), UVA—
(320–400 nm), and PAR—(400–700 nm) specific attenu-
ation from the light spectra measured in situ on June 17, 
2015. We then applied these coefficients to the radiation 
values recorded on June 16, 2015 to simulate underwater 
irradiance conditions on a sunny day along a gradient of 
five different kelp canopy densities. Experimental radiation 
conditions are summarized in Table 1. Reduction of incom-
ing radiation under no canopy (nc), intermediate canopy 
(ic), and very dense canopy (vdc) were directly measured 
in situ, while sparse- (sc) and dense-canopy (dc) radiation 
climates were linearly extrapolated. For detailed informa-
tion on kelp forest density in Kongsfjorden, see Bartsch 
et al. (2016).
All radiation climates were simulated in a walk-in climate 
chamber at 4 °C using adjustable computer-controlled white-
light LEDs (SolarStinger SunStrip, Econlux GmbH, Köln, 
Germany) and UV fluorescent tubes (UVA 340, Q-Panel, 
Ohio, USA) with cutoff filter foils (Schott-WG 280 and 320, 
Schott, Mainz, Germany; Ultraphan 295, Digefra GmbH, 
München, Germany; Folex 320, Folex GmbH, Köln, Ger-
many) and black net gauze. During the setup, we used inte-
grated values for UVB, UVA, and PAR, as calculated by the 
TriOS RAMSES software msda_xe (version 7.0, underwater 
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calibration) as reference. Calculated and achieved radiation 
regimes are summarized in Table 1. Alaria esculenta spores 
were then exposed to the different radiation conditions for 
4, 8, 16, or 24 h.
Spore release
Fertile specimens of A. esculenta were collected by SCUBA 
divers from 3 m depth off Hansneset and transferred to the 
laboratory in light-tight barrels filled with fjord water. For 
the ten consecutive experiments, new specimens were col-
lected weekly from the same site between June 24 and July 
18, 2015. The kelps were stored in tanks with running ambi-
ent seawater from the fjord under low light conditions. About 
40 sporophylls from 10 to 15 randomly selected specimens 
were mixed to harvest spores not only from single individual 
sporophytes but to represent the investigated population. 
For spore release, the sporophylls were processed as fol-
lows: After thoroughly wiping the tissue with dishtowels 
to remove epiphytes, the sporophylls were kept for 24 h in 
a humid chamber at 4 °C in darkness. Spore release was 
induced by submerging the sporophylls in temperate (10 °C) 
filtered seawater (Durapore 0.22 µm Hydrophylic Polyvi-
nylidene Fluoride Membrane Filter, Millipore Corporation 
Fig. 1  Study area. All experi-
ments were conducted at the 
laboratory in Ny-Ålesund. 
Alaria esculenta sporophytes 
were collected by SCUBA 
divers off Hansneset. At the 
same location, the underwa-
ter light measurements were 
conducted. Map © Norwegian 
Polar Institute (CC BY-NC 4.0)
Table 1  Radiation conditions: 
Underwater radiation climates 
as on a sunny day in 3 m depth 
off Hansneset, Spitsbergen
Experimental radiation climates are conditions as applied in the laboratory experiments. To calculate natu-
ral underwater radiation climates, attenuation for incoming radiation was measured in situ for UVB, UVA, 
and PAR under no to very dense kelp canopies. These rates were then applied to in-air radiation measure-
ments on a sunny day to calculate the underwater light regime as under sunny day conditions
Very dense 
canopy
Dense canopy Intermediate 
canopy
Sparse canopy No canopy
Underwater radiation climates
 PAR (mW  m−2) 0.25 15.75 31.5 47.25 63
 UVA (mW  m−2) 0 0.375 0.75 1.125 1.5
 UVB (mW  m−2) 0 0.0035 0.007 0.0105 0.014
Experimental radiation climates
 PAR (mW  m−2) 0.23 14.62 31 45 61.8
 UVA (mW  m−2) 0 0.35 0.68 1.053 1.9
 UVB (mW  m−2) 0 0.0029 0 0.018 0.011
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Massachusetts) for 15 min in light on the window board. To 
calculate spore concentration of the stock solution, a repre-
sentative subsample was killed with ethanol and counted in a 
Neubauer “improved” hemocytometer (depth 0.1 mm, small-
est grid 0.0025  mm2, Assistent, Sondheim v. d. Rhön, Ger-
many). To achieve the desired concentrations for the experi-
ments, the stock solutions were diluted with filtered fjord 
water. Solutions were immediately used in the experiments.
Spore responses
Spore solutions of 1.17 ×  106 to 1.78 ×  106 spores  mL−1 
were exposed to the five radiation conditions for 4, 8, 16, or 
24 h to investigate effects on photosynthetic quantum yield 
(Fv/Fm), and pigment and phlorotannin contents. Ten con-
secutive experiments with unique combinations of radiation 
and exposure time were conducted (Tables 2, 3, alphabetical 
indices of incubated spore solutions follow the chronological 
order of the experiments). If not indicated otherwise, all vari-
ables were measured in four independent samples, except for 
post-treatment Fv/Fm which was measured in three independ-
ent samples. Each measurement was conducted in triplicate.
For Fv/Fm measurements, 20 mL spore solution was 
put into 5.4-cm-diameter plastic petri-dishes. Measure-
ments were conducted as triplicates using a Water PAM 
chlorophyll fluorometer with a WATER-FT flow-through 
emitter–detector (Walz GmbH, Effeltrich, Germany) at the 
beginning of the experiment (initial), directly after radiation 
exposure (treatment effect), as well as 2 h and 24 h after 
exposure (recovery). Recovery was allowed under dim radia-
tion at 4 °C. For determination of pigment and phlorotannin 
contents, 40 mL of the spore solution was transferred to 
8.5-cm-diameter petri-dishes. Immediately after exposure 
to experimental conditions, the volume was filtered onto 
47-mm-diameter Whatman® GF/C filters, frozen in liquid 
nitrogen, and stored at − 80 °C until further processing. 
Initial samples were taken from the diluted stock solution 
and preserved in the same manner as at the start of the 
experiment. The deep-frozen samples were transported to 
the laboratory at the University of Bremen in a precooled 
dry-shipper.
Pigment and phlorotannin analysis
Prior to extraction and analysis of pigment content, the fil-
ters were lyophilized for 24 h. Subsequently, they were cut 
into narrow strips, put into 2-mL vials and treated as follows. 
All values were determined as triplicates.
Pigment analysis
Extraction was performed in 2 mL 90% Acetone (Merck, 
Darmstadt) at 1.5 °C in darkness overnight. Afterward, the 
samples were centrifuged for 5 min at 13,000 rpm (rcf = 
13,792.77) and 4 °C and the solution was filtered through 
45 µm nylon syringe filters (Nalgene®, Nalge Nunc Inter-
national, Rochester, NY, USA). Subsamples of the pigment 
extract were analyzed in the High-Performance Liquid Chro-
mathography (LaChromElite® with L-2200 autosampler and 
DAD detector L-2450 by VWR-Hitachi International GmbH, 
Darmstadt, Germany). For separation of pigments, a Spher-
isorb® ODS-2 column (25 cm × 4.6 mm, 5-µm particle size; 
Waters, Milford, MA, USA) with a LiChrosphere® 100-RP-
18 guard cartridge was used. Pigment peaks were recorded 
at 440 nm, and identification and quantification were per-
formed by co-chromatography with standards for Chl a and 
β-Carotene (DHI Lab Products, Hørsholm, Denmark) using 
the software EZChrom Elite ver. 3.1.3. (Agilent Technolo-
gies, Santa Clara, CA, USA). Gradients used for identifica-
tion of pigments were according to Wright et al. (1991). All 
work steps were performed under dark conditions, and the 
samples were stored on dry ice between the steps.
Phlorotannin analysis
For phlorotannin analysis, the method described in Cruces 
et al. (2012) was applied. 2 mL of 70% Acetone (Merck, 
Darmstadt) was added to the strips, and extraction was 
conducted by shaking at 0 °C for 24 h in darkness. After-
ward, the samples were centrifuged for 10 min at 2500×g, 
and 50 µL of the supernatant was transferred into a new 
Eppendorf Cup. Immediately, 250 µL  dH2O, 200 µL 20% 
 NaCO3, and 100 µL 2 N Folin-Ciocalteu (Sigma-Aldrich, 
Steinheim, Germany) were added, and the cups stored for 
45 min at room temperature in darkness. After centrifugation 
for 3 min at 2000 g, 250 µL of the supernatant was trans-
ferred to microwell plates for photometric absorbance meas-
urements at 730 nm (FLUOStar OPTIMA; BMG Labtech 
GmbH; Ortenberg, Germany). A calibration curve was cre-
ated with Phloroglucinol (Sigma-Aldrich, Seelze, Germany) 
as standard.
Germination success
Germination success was examined using solutions of 1.17 
×  105 to 1.78 ×  105 spores  mL−1. 20 mL of the solution was 
transferred to petri-dishes of 5.4 cm diameter with a cover 
slip placed at the bottom. During and after experimental 
treatments, spores were allowed to settle and germinate 
under dim radiation at 4 °C for 3 days. Subsequently, 300 
spores were counted on each coverslip with a microscope to 
calculate the ratio of germinated-to-not-germinated spores. 
Spores with a germination tube were considered germi-
nated. No differentiation was made between dead and liv-
ing spores without tube which were both classified as “not-


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































effects, a dim radiation control was set up where spores were 
incubated for 3 days in dim radiation without prior experi-
mental treatment.
Motility of spores
To examine motility of spores over time, suspensions of 
8.17 ×  106 spores  mL−1 were transferred to 8.5-cm-diameter 
petri-dishes and exposed to vdc and nc conditions. Motility 
was determined upon release as well as after 4, 8, 16, 24, 32, 
and 48 h of exposure to the respective radiation treatments. 
To do so, a subsample of the suspension was transferred 
into a Neubauer “improved” hemocytometer (specifications 
as above). One line of 1 mm length within the hemocytom-
eter was determined at random for the respective counting 
session, and for 3 min each, crossing of this line by spores 
was counted directly in the microscope. If a spore swam in 
a narrow circle on the line, only one crossing was counted. 
Results are presented as percent of initial activity.
Statistical analysis
All statistical analyses were performed using the software 
“R” (version 3.5.2; R Core Team 2018) with the respec-
tive packages. Shapiro–Wilk Test for normality (r-core) and 
Levene Test for homoscedasticity (“car” package: Fox and 
Weisberg 2011) were performed prior to test statistics. Sub-
sequently, Welch’s t test or ANOVAs (one-way or two-way 
according to the respective experimental setup) was applied 
with radiation and exposure times as independent variables 
and the respective response parameter as dependent variable. 
For recovery of Fv/Fm, repeated measure ANOVAs were 
executed to identify significant recovery effects. As post-hoc 
test, the Tukey’s HSD Test (“agricolae” package: de Mend-
iburu 2015; “DTK” package for unequal sample sizes: Lau 
2013) was executed for identifying significantly different 
subsample groups. For all analyses, the significance level 
was set at α ≤ 0.05. Graphics presented in this text were 
created with the “Hmisc” package (Harrell 2015) in addition 
to base graphics. In the following, data are presented as ± 
standard deviation.
Results
In situ light climate
On June 16, 2015, 165.66  W  m−2 PAR, 25.31  W  m−2 
UVA, and 0.47 W  m−2 UVB was measured in-air at noon 
under clear-sky conditions. At noon of June 17, 2015, in-
air radiation measurements was 58.6 ± 5.2 W m−2 PAR, 
7.8 ± 0.7 W m−2 UVA, and 0.3 ± 0.02 W  m−2 UVB. Kd-
coefficients were 1.67 m−1 for UVB, 1.42 m−1 for UVA, and 
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0.36 m−1 for PAR. Kelp cover strongly reduced the incoming 
radiation at 3 m depth (Fig. 2). At 3 m depth without kelp 
canopy, 22.8 W  m−2 PAR, 0.5 W  m−2 UVA, and 0.006 W 
 m−2 UVB was recorded. Under a very dense kelp canopy, 
almost no remaining radiation was measured (0.1 W  m−2 
PAR, 0.001 W  m−2 UVA, and 0 W  m−2 UVB). Intermedi-
ate kelp canopy reduced in-air radiation to 7.7 W  m−2 PAR, 
0.15 W  m−2 UVA, and 0.002 W  m−2 UVB.
Response variables
Upon release, spore solutions differed significantly from 
each other in Fv/Fm values, Chl a, β-Carotene, and phloro-
tannin content (Figs. 3, 4 and Tables 2, 3). Because of these 
significant differences between initial values, responses were 
examined for each single spore solution and parameter with-
out pooling the results.
Photosynthetic quantum yield
Initial Fv/Fm values ranged from 0.202 ± 0.003 to 0.378 ± 
0.028. Significant photoinhibition was observed in all treat-
ments directly after light exposure, except for two vdc simu-
lations (4 and 16 h of exposure; Fig. 3a, Table 2). In general, 
Fv/Fm showed significant interaction between radiation and 
exposure time, as well as significant radiation effects. In 
one experiment, there was a significant interaction effect of 
exposure time and radiation (solution d, sc, vs, dc simula-
tions with 4 and 16 h exposure times). Here, less exposure 
time under dc conditions led to higher remaining Fv/Fm. 
Radiation significantly affected Fv/Fm in four experiments 
with vdc, dc, sc, and nc simulations (solutions a–d). In all 
cases, Fv/Fm was significantly lower after exposure to higher 
radiation. Under nc conditions, reduction of Fv/Fm values 
varied from 0.3 to 0.094 ± 0.026 (n = 3) after 4 h of expo-
sure and to 0.02 after longer exposure times, respectively. 
After exposure to vdc conditions, the responses were incon-
sistent: After 4 and 16 h of exposure times, Fv/Fm increased 
to significantly higher values than the initial ones (4 h: from 
0.378 ± 0.028 to 0.524 ± 0.006; 16 h: from 0.358 ± 0.004 
to 0.429 ± 0.017; n = 3). In contrast, after 8 and 24 h, Fv/Fm 
was significantly reduced to lower values than the initial 
one (8 h: from 0.313 ± 0.009 to 0.273 ± 0.009; 24 h: from 
0.313 ± 0.009 to 0.246 ± 0.089; n = 3, 4). After exposure 
to nc conditions, full recovery was only apparent in the 4 h 
experiment (Fig. 3b). After 8 and 24 h, no recovery was 
observed, while after 16 h, there was a partial recovery of 
Fv/Fm. In the vdc experiments, the pattern observed directly 
after light exposure remained the same throughout the recov-
ery time with increased Fv/Fm in the 4 and 16 h experiments 
and reduced Fv/Fm in the 8 and 24 h experiments (Fig. 3 f).
In experiments with dc and sc conditions, there was a 
significant interaction effect of radiation and exposure time, 
with higher radiation and longer exposure times leading to 
higher reductions in Fv/Fm. In addition, radiation had a sig-
nificant effect on Fv/Fm. Higher radiation led to significantly 
stronger decrease in Fv/Fm in one experiment (4 h of expo-
sure, sc conditions: reduction from 0.215 ± 0.004 to 0.022 
± 0.001; dc conditions, n = 4: reduction from 0.215 ± 0.004 
to 0.168 ± 0.02; n = 3). In two experiments (exposure times 
of 8 and 24 h), no effects were detected. After all treatments 
with dc or sc conditions, full recovery to initial values was 
achieved, latest after 24 h. Only spores subjected to sc condi-
tions for 8 h just showed a partial recovery (initial: 0.358 ± 
0.006, after treatment: 0.236 ± 0.044). All ic treatments sig-
nificantly decreased their Fv/Fm values to 0.02, irrespective 
of initial values. Similar to the sc and dc simulations, full 
recovery was accomplished in all cases but one (just partial 
recovery after 24 h in ic conditions; initial value: 0.288 ± 
0.006, after treatment: 0.213 ± 0.021, after 24-h recovery: 
0.213 ± 0.021).
Pigment contents
Initial Chl a contents ranged from 1.9−5 ± 1.9−6 to 4.5−5 
± 2.0−6 µg  spore−1 and initial β-Carotene contents from 
3.6 ×  10−7 ± 4.9 ×  10−8 to 1.2 ×  10−6 ± 4.3 ×  10−8 µg 
 spore−1 (Fig. 4a, b, Table 3). Contents of chlorophyll a and 
β-Carotene were significantly reduced under most experi-
mental conditions (Chl a: 7.063 ×  10−6 ± 9.515 ×  10−7 to 
3.512 ×  10−5 ± 4.333 ×  10−6; β-Carotene: 9.375 ×  10−8 ± 
6.477 ×  10−8 to 8.708 ×  10−7 ± 6.881 ×  10−8; Table 3). Pig-
ment content did not increase in any of the experiments, and 
there were not only significant interactions between irradi-
ance and time, but also single factor significances of either 
Fig. 2  Underwater light regime. Underwater light climate at 3  m 
depth on June 17, 2015 under different kelp canopy densities in the 
Kongsfjord, Svalbard, off Hansneset
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factor alone among the different experiments. In two experi-
ments (β-Carotene, solutions c and f), the treatment had no 
significant effect. In general, there were more significant 
effects for Chl a than for β-Carotene, with seven significant 
effects in total for the former and five significant effects for 
the latter pigment.
In nc and vdc simulation experiments, radiation signifi-
cantly reduced pigment content. Contents were lower after 
exposure to vdc conditions than after exposure to nc condi-
tions in both pigments (Table 3—spore solutions a–c, sig-
nificant differences after exposure for 4 and 24 h in both 
pigments). Only in nc simulations for 16 h, contents did 
not change (Chl a initial: 1.883 ×  10−5 ± 1.877 ×  10−6, 
Fig. 3  Summary of Fv/Fm responses (y-axis) to respective exposure 
and recovery times (x-axis) and radiation treatments (b–f). a the ini-
tial values (open white dots) as well as responses directly after light 
exposure (black filled dots) for different exposure times. b–f the ini-
tial value (ini), Fv/Fm directly after exposure (trt), as well as after 2 h 
of recovery (rec1) and 24 h of recovery (rec2) for each light intensity 
scenario. Exposure times are given in the subpanels. Letters indicate 
the incubated zoospore solution for easier comparability. All values 
are mean ± SD. n as in Table 2
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after treatment: nc × 16: 1.781 ×  10−5 ± 1.561 ×  10−7; 
β-Carotene initial: 3.561 ×  10−7 ± 4.935 ×  10−8, after treat-
ment: nc × 16: 3.098 ×  10−7 ± 7.3 ×  10−8). In contrast, in dc 
and sc simulations, contents were higher after exposure to 
lower radiation than those after exposure to higher radiation 
(Table 3—spore solutions d–f; significant after 8–24-h expo-
sure in Chl a and after 8 and 16 h exposure in β-Carotene).
In the dc and sc treatments with 4 and 16 h exposure 
times (spore solution d), there was a significant interaction 
effect of radiation and exposure times, Chl a sc × 4: 3.179 × 
 10−5 ± 3.295 ×  10−7, dc × 4: 3.199 ×  10−5 ± 9.755 ×  10−7, 
sc × 16: 2.38 ×  10−5 ± 1.167 ×  10−6, dc × 16: 2.855 ×  10−5 
± 1.574 ×  10−6, Radiation × time: F(1,12) = 16.85, p = 0.001; 
β-Carotene: sc × 4: 8.778 ×  10−7 ± 2.689 ×  10−8, dc × 4: 
8.708 ×  10−7 ± 6.881 ×  10−8, sc × 16: 6.039 ×  10−7 ± 1.622 
×  10−8, dc × 16: 7.093 ×  10−7 ± 5.317 ×  10−8, Radiation × 
time: F(1,12) = 5.908, p = 0.032). Higher radiation and longer 
exposure time led to stronger reduction in pigment content 
than with either factor alone. In addition, radiation as well 
as exposure time had significant single effects on the Chl a 
Fig. 4  Zoospore responses to experimental conditions. Initial and 
post-treatment values of investigated parameters (y-axis) after respec-
tive exposure times (x-axis). Chlorophyll a (a), β-Carotene (b) and 
phlorotannin content (c) are given in µg  zoospore−1. Germination 
success (d) is given in percent and represents values after the experi-
mental treatment and 3 days of subsequent growth time. White circles 
are initial values, black filled dots are post-treatment values. Error 
bars are standard deviation. For exact numbers and number of repli-
cates, refer to Tables 2, 3, and 4. nc no canopy, sc sparse canopy, ic 
intermediate canopy, dc dense canopy, vdc very dense canopy
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content (Radiation: F(1,12) = 20, p = 0.0008; Time: F(1,12) = 
106.81, p = < 0.0001), while for β-Carotene only exposure 
time had a significant effect (Time: F(1,12) = 88.708, p < 
0.0001). After the 8 and 24 h treatments, pigments were 
significantly higher after exposure to dc conditions than that 
after exposure to sc conditions. Only the β-Carotene contents 
after 24 h did not differ significantly between radiation treat-
ments (Table 3—spore solutions e, f). Ic conditions for > 
8 h led to significant reduction in both pigments compared 
to initial values (Table 3- spore solutions g–j).
Phlorotannin content
Initial phlorotannin contents ranged from 4.2 ×  10−7 ± 6.99 
×  10−8 to 1.4 ×  10−6 ± 6.7 ×  10−8 µg  spore−1 (Fig. 4 c). 
In all experiments, a decrease in phlorotannin content was 
observed (3.624 ×  10−7 ± 2.367 ×  10−8 to 9.701 ×  10−7 ± 
1.701 ×  10−7). Only in the nc treatment with 16 h exposure 
time, the phlorotannin content stayed constant (initial: 9.369 
×  10−7 ± 1.436 ×  10−7; after treatment: 9.701 × 10–7 ± 
1.701 ×  10−7). In two experiments, radiation or exposure 
time had a significant effect on the post-treatment values: 
Exposure to nc conditions led to significantly lower values 
than exposure to vdc conditions in the 8 versus 24 h expo-
sure time experiment (Table 2—spore solution b, nc × 8: 
3.727 ×  10−7 ± 4 ×  10−8, vdc × 8: 3.624 ×  10−7 ± 2.367 
×  10−8, nc × 24: 4.103 ×  10−7 ± 1.622 ×  10−7, vdc × 24: 
3.501 ×  10−7 ± 3.662 ×  10−7; Radiation: F(1,11) = 4.998, p 
= 0.047). Exposure time had significant effects in the sc and 
dc simulations (4 and 16 h experiments), with phlorotannin 
contents being lower after longer exposure times (spore solu-
tion d, sc × 4: 7.83 ×  10−7 ± 2.648 ×  10−8, dc × 4: 8.557 
×  10−7 ± 1.437 ×  10−7, sc × 16: 6.865 ×  10−7 ± 8.503 × 
 10−8, dc × 16: 6.973 ×  10−7 ± 8.766 ×  10−8; Time: F(1,12) = 
5.053, p = 0.044).
Germination success
Germination rates in the experiments ranged between 46.3 
± 2.9 and 82.5 ± 2.8% (Table 4, Fig. 4d). Three values from 
two treatments could not be counted. A dim light control 
experiment was only conducted once and not for every 
treatment.
Post-treatment germination rates differed significantly 
between incubated spore solutions (F(5,56) = 25.12, p < 
0.0001, ranked data) but only in two cases, the experimen-
tal treatment had a significant effect on the germination rate: 
Under dc and sc simulations for 4 and 16 h, spores exposed 
for longer time had significantly lower germination rates 
than those after shorter exposure times (spore solution d, dc 
Table 4  Germination success: Germination success in percent of total incubated zoospores for each conducted experiment with results from sta-
tistical tests (t test or ANOVA, asterisks = significant effects)
Arrows (↓,↑) indicate significant decreases and increases of post-treatment values compared to initial values (– = no change)
Mean ± SD, n number of replicates, nc no canopy, sc sparse canopy, ic intermediate canopy, dc dense canopy, vdc very dense canopy
Zoospore 
solution
Density (n  mL−1) Experimental conditions Germination success (% of total incubated spores)
Radiation Exposure time Post-treatment value (radiation × time) Treatment effects
a 1.17 ×  105 nc
vdc
4 nc × 4: 67.28 ± 6.87, n = 4
vdc × 4: 67 ± 4.97, n = 4
Radiation: t5 = 0.059, p = 0.955
b 1.2 ×  105 nc
vdc
8 nc × 8: 62.62 ± 12.61, n = 4
vdc × 8: 72.18 ± 3.77, n = 4
nc × 24: 53.62 ± 16.56, n = 4
vdc × 24: 70.69 ± 2.84, n = 4
Radiation × time: F(1, 10) = 4.668, p = 
0.056
Radiation: F(1, 10) = 0.888, p = 0.368
Time: F(1,10) = 0.335, p = 0.576
24
c 1.17 ×  105 nc
vdc
16 nc × 16: 64.88 ± 4.41, n = 4
vdc × 16: 62.18 ± 2.56, n = 5
Radiation: t7 = 1.161, p = 0.284
d 1.78 ×  105 sc
dc
4 sc × 4: 54.85 ± 3.18, n = 4
dc × 4: 53.51 ± 3.52, n = 4
sc × 16: 46.26 ± 2.85, n = 4
dc × 16: 47.03 ± 4.35, n = 4
Radiation × time: F(1,12) = 0.359, p = 
0.56
Radiation: F(1,12) = 0.026, p = 0.875
Time: F(1,12) = 18.326, p = 0.001*
16
e 1.73 ×  105 sc
dc
8 sc × 8: 82.45 ± 2.78, n = 4
dc × 8: 77.36, n = 4
Radiation: t6 = 2.073, p = 0.084
f 1.72 ×  105 sc
dc
24 sc × 24: 65.61 ± 4.99, n = 4
dc × 24: 74.15 ± 1.07, n = 4
Radiation: t3.273 = − 3.348, p = 0.039*
g 1.23 ×  105 ic 4 ic × 4: 64.24 ± 4.16, n = 4
h 1.76 ×  105 ic 8 ic × 8: 67.46 ± 6.12, n = 4
i 1.78 ×  105 ic 16 ic × 16: 79.60 ± 5.37, n = 4
j 1.34 ×  105 ic 24 ic × 24: 75.65 ± 3.68, n = 4
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and sc conditions for 4 and 16 h: sc × 4: 54.85 ± 3.18%, dc 
× 4: 53.51 ± 3.52%, sc × 16: 46.26 ± 2.85%, dc × 16: 47.03 
± 4.35%; Time: F(1,12) = 18.326, p = 0.001). When exposed 
to the same radiation conditions for 24 h, higher radiation 
led to significantly lower germination rates (spore solution f, 
dc and sc conditions for 24 h: sc: 65.61 ± 4.99%; dc: 74.15 
± 1.07%; t3.2725 = 3.3478, p = 0.038). The overall lowest 
germination rates were measured after 16 h of incubation 
under dc and sc conditions and the highest germination rate 
after 8 h of incubation under sc conditions (82.45 ± 2.78%). 
In the dim light control, 76.9 ± 4.6% of spores germinated 
within 3 days. Under vdc and nc conditions, there was no 
significant effect of radiation or time. Responses to ic condi-
tions showed a trend to slightly but insignificantly increasing 
germination rates with longer exposure times.
Germination success was moderately positively cor-
related with initial Fv/Fm (r = 0.49, n = 40, p = 0.028; 
compare initial Fv/Fm and germination success in Figs. 3a 
and 4d).
Spore motility
There were significant differences in motility over time 
between vdc and nc simulations with spores under lower 
radiation exhibiting higher motility over the course of the 
experiment (Fig. 5). Under nc conditions, a significant 
reduction in motility was observed after 8 h, and spore motil-
ity was almost completely reduced after 16 h of exposure 
(3.8 ± 4.5% of initial activity). Under vdc conditions, a sig-
nificant reduction in spore motility was first observed after 
16 h, and spore motility was entirely inhibited after 48 h 
of exposure. After 16 h, germination tubes were observed 
in approximately 20% of the spores, irrespective of radia-
tion conditions (qualitative observation). These were found 
neither before nor after this time. After termination of the 
experiment, spore settlement had taken place under both 




The parental kelp canopy has a tremendous influence on 
radiation available to understory organisms. This is not lim-
ited to quantity but also refers to quality of incoming radia-
tion. Below the densest investigated canopy, radiation was < 
1% of the radiation measured outside of the kelp forest at the 
same depth and UVA and UVB were entirely excluded from 
the available radiation spectrum. This is even more remarka-
ble as the measured intensities represent values under sunny 
and clear-sky conditions. Sediment input due to starting 
ice- and snow-melt may reduce underwater irradiance even 
more. In Svendsen et al. (2002), average radiation condi-
tions are summarized with maximum irradiances of 170 W 
 m−2 (Bischof et al. 1998; Hanelt et al. 2001) or 1300 µmol 
 m−2  s−1 (Bischof et al. 1999) for PAR and of 19 W  m−2 for 
UVA and 1.09 W  m−2 for UVB (Bischof et al. 1998, 1999) 
in air. In Hanelt et al. (2001), daily averaged irradiances 
calculated for the period from March 1 to October 31 during 
the years 1996–1998 only range from 46.1 to 54.3 W  m−2 
for visible light and from 5.5 to 6.2 W  m−2 for UVR. On 
average, only one day of clear sky is observed at Kongsf-
jorden between June and September (Svendsen et al. 2002). 
Hence, radiation simulations applied in this study clearly 
represent rare and extreme radiation conditions. It became 
evident that natural radiation conditions are very different 
from experimental conditions applied in previous studies 
with respect to spectrum composition as well as intensity 
(Wiencke et al. 2000; Wiencke et al. 2004; Wiencke et al. 
2007a; Müller et al. 2008, 2009; Fredersdorff et al. 2009; 
Steinhoff 2010). In Fig. 6, we summarize the experimental 
light conditions applied in former studies. Each symbol rep-
resents the conditions under which A. esculenta spores were 
incubated in those studies (exposure times of 8 h only). It 
becomes evident that the focus of previous studies has pri-
marily been laid on UV stress, while PAR intensities have 
rarely been modified. However, most applied UV intensi-
ties were unnaturally high and beyond the limits of usual in 
situ conditions. Wiencke et al. (2006) already noted that in 
laboratory investigations, PAR was highly underrepresented, 
whereas UVR was highly overrepresented compared to natu-
ral conditions with unknown implications. This has clearly 
been verified in our study: While natural PAR can be much 
Fig. 5  Radiation effects on zoospore motility. Zoospore motility 
under no canopy and very dense canopy conditions over time in per-
cent of initial motility. After 16 h, about 20% of the cells exhibited 




higher, natural UVR is much lower than that under previ-
ously applied experimental conditions.
Freshwater and sediment input strongly affect the 
underwater radiation regime in Kongsfjorden and particle 
content can differ by the factor of 17 on very short time 
scales (Svendsen et al. 2002). Although in our study Kd-
values are within the range of previously reported values 
(see e.g. Svendsen et al. 2002; Wiencke et al. 2006; Pav-
lov et al. 2019), severe sediment input via melt-water input 
started after we conducted our measurements, and this led to 
increased turbidity. Hence, available light in the Kongsfjord 
will be further decreased throughout the season to much 
lower values than applied during the experiments in our 
study. The seasonal decrease of underwater irradiance in situ 
near our experimental site was also documented recently 
(Bartsch et al. 2016; Pavlov et al. 2019).
Spore responses
It became evident that spores exhibit a great phenotypic 
variability upon release. We measured significant differ-
ences between initial values in all investigated parameters. 
These differences did not follow the chronological order of 
the experiments and low and high values were randomly 
distributed throughout all treatments. We did not examine 
effects of preexperimental storage conditions and hence 
cannot identify a factor which might have influenced the ini-
tial conditions. However, sporophytes were held for unequal 
periods of 0 to 6 days in the storage containers before spore 
release was induced, which might have led to an acclima-
tion of the collected material to storage conditions as stor-
age conditions were different from conditions at the natural 
growth site with respect to radiation conditions and biotic 
influences. Adjustments to light regime (Beale and Apple-
man 1971; Ramus et al. 1976; Falkowski and LaRoche 1991; 
Brey 2009), nutrient availability (Aguilera et al. 2002) or 
season (Wiencke et al. 2007b) are well documented in sea-
weeds but less well for spores. Furthermore, Wiencke et al. 
(2007a) suggested that parental adaptations might be mir-
rored in spores. However, as we did not investigate poten-
tial effects of the storage conditions on the spores, we can 
only speculate about possible influences and thus leave the 
influence of parental conditions on spores to future studies. 
In our experiments, spore densities did also differ between 
incubated solutions. Roleda et al. (2006b) described the 
UV screening capacity of spore solutions for different kelp 
species and stated that dense solutions can have a shading 
effect and protect spores from harmful UVR. However, in 
Roleda et al.’s (2006b) study, incubated spore solutions were 
much denser than those in our study, and the differences in 
density were investigated on a larger scale. In our study, 
statistical analysis did not identify spore density as a factor 
with significant effects on the response variables (data not 
shown). Therefore, the influence of different densities can be 
neglected in our study when comparing experimental results.
Photophysiological responses
Fv/Fm values were significantly affected by exposure time 
and radiation conditions. Exposure to ‘no canopy’ condi-
tions for ≥ 8 h led to permanent photodamage. The spore 
solutions exposed for 8 and 24 h had the lowest phlorotan-
nin contents of all incubated solutions which could explain 
higher susceptibility to high radiation. However, only par-
tial recovery was observed with higher phlorotannin content 
as well (nc conditions for 16 h), leading to the conclusion 
that high irradiance still has a negative effect on the incu-
bated spores. Samples exposed to reduced radiation showed 
recovery after photoinhibition to initial values or even above. 
Wiencke et al. (2000, 2007a) reported reductions in photo-
synthetic quantum yield after exposure to PAR + UVA and 
PAR + UVA + UVB. However, in both studies PAR values 
were just about one tenth of the intensities applied here, 
while UVA was more than three times higher and UVB more 
than 50 times higher than in the present study. Therefore, 
negative radiation effects reported elsewhere might rather be 
an effect of unnaturally high UVR and will most likely not 
mirror effects occurring under natural conditions. Decreases 
in Fv/Fm after exposure to ‘very dense canopy’ conditions 
Fig. 6  Thresholds for Alaria esculenta zoospore stress responses. 
Summary of light conditions used in published and this study. Sym-
bols indicate the light conditions applied in the respective studies. 
Negative effects on zoospore performance are reported for values 
beyond the dashed and dashed-dotted lines in the respective studies. 
The UVB threshold for negative effects on germination success is 
identified at 0.34W  m−2 (dashed line; unweighted). Negative effects 
of PAR (> 33W  m−2) and UVB (> 0.16W  m−2) were observed or 
reported for values beyond the dashed-dotted lines (unweighted). 
Negative effects include Fv/Fm reduction without recovery and/or 
phlorotannin stress responses as reported by the authors of the respec-
tive studies. Only results from experiments with exposure times of 8 
h are included in this figure.
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measured directly after incubation might be a consequence 
of chlororespiration (Nixon 2000). Clearly, spores are able 
to cope with naturally occurring irradiances even under 
highly reduced or no kelp canopies, despite their shade-
adaptation (Roleda et al. 2006c). Our simulations suggest 
that only complete removal of the canopy at the simulated 
or shallower depth and under sunny conditions will lead to 
photodamage if experienced for time spans of ≥ 8 h. How-
ever, as water transparency and radiation conditions can be 
reduced enormously by ice and snow melt run-off (see Hop 
et al. 2002), currents (Svendsen et al. 2002) and weather 
changes on very short time scales, it is unlikely that spores 
will experience high irradiances for time spans sufficiently 
long to cause photodamage.
Pigment contents were significantly influenced by light 
intensity, exposure time and their interactions, while the 
phlorotannin contents were only slightly affected by either 
of these factors. Irrespective of the initial absolute content, 
samples significantly decreased pigment and phlorotannin 
contents in almost every investigated scenario. For Chl a 
and β-Carotene contents, two different response patterns to 
radiation and exposure time became apparent. Under ‘no 
canopy’ conditions, significantly more pigment content was 
maintained than that under vdc conditions. This is especially 
interesting as photodamage was observed after exposure 
to nc conditions. Therefore, it is likely that spores cannot 
adapt fast enough to adverse radiation conditions to prevent 
photodamage. Spores exposed to vdc conditions showed a 
higher decrease in pigment content compared to nc con-
ditions. Since Fv/Fm decrease was much less pronounced 
under vdc conditions than that under higher radiation, we 
conclude that photosynthetic reaction centers are not work-
ing at full capacity under these conditions. Hence, it is either 
not necessary or not possible for the spore to maintain a 
high pigment content. However, the applied vdc radiation is 
probably still higher than that under the naturally occurring 
conditions during most of the summer.
Under ‘dense’ and ‘sparse canopy’ conditions, the 
response pattern in pigment content corresponded to expec-
tations. Here, spores subjected to higher radiation showed 
a higher decrease in pigment content. As no photodamage 
was measured under any of these conditions, spores are 
able to adjust pigment content sufficiently under these con-
ditions. The decrease in pigment content was significantly 
higher after longer exposure times and evidently there was 
an excessive amount of pigments per spore in all samples, 
suggesting that pigment adjustment is a rather slow process 
over several hours.
Phlorotannin contents were reduced under all experimen-
tal conditions. In general, studies on phlorotannins in kelp 
spores are still scarce. In A. esculenta, a decrease in phlo-
rotannin content was observed under high PAR conditions 
(exposure to 33 ± 19.6 W  m−2 PAR for 8 h) and similarly 
in Saccharina latissima spores (exposure to 57.2 ± 18.4 W 
 m−2 PAR for 8 h), irrespective of additional UVR (Steinhoff 
2010). The PAR intensity used in the experiments by Stein-
hoff (2010) was within the same range as in our study, but 
the author did not investigate higher or lower PAR intensi-
ties. As a conclusion from our study, phlorotannins are not 
necessarily responding to light conditions, but might be sub-
dued to other drivers. Former studies revealed that a decrease 
in intracellular phlorotannin content might be the result of 
soluble phlorotannin exudation (Schoenwaelder and Clay-
ton 1998; Roleda et al. 2005, 2006b; Wiencke et al. 2007a; 
Steinhoff et al. 2008). This aspect was not investigated here. 
Furthermore, phlorotannins play a role in cell-wall formation 
which implies a shift from soluble to cell-wall bound phloro-
tannins (Schoenwaelder 2002). Analysis of cell-wall bound 
phlorotannins requires further solubilization steps (Koivikko 
et al. 2005) and has not been analyzed in this study. Since 
phlorotannin contents decreased over exposure time (irre-
spective of initial values), we suggest that this is not a direct 
response to light conditions, but might rather indicate a shift 
from soluble to cell-wall bound phlorotannins during spore 
development (see below). Although phlorotannins seem to 
act as a protective means against high irradiance (Steinhoff 
2010), the role of these substances in UV screening is still 
under debate. We suggest that in our experiments phlorotan-
nins likely follow developmental cellular adjustments.
Germination success and spore activity
Unfortunately, dim light controls were not available for 
every treatment and spore solution. Therefore, we do not 
have data on inherent germination capacity of the individ-
ual spore solutions. Still, there was a clear effect of spore 
origin on germination success. Light conditions did not 
strongly influence the outcome of our experiments and in 
every experiment at least ~ 50% of the spores developed 
germination tubes. Negative effects of UVR and/or high 
PAR on germination success were reported by Wiencke 
et al. (2006), Müller et al. (2008), Steinhoff et al. (2008), 
Steinhoff (2010). However, these investigators used unnatu-
ral low PAR and high UVR intensities, which are unlikely 
to represent field conditions. Seasonal effects on spore reac-
tions might play a role in comparing results from different 
studies (Wiencke et al. 2000, 2004, 2006). As pointed out 
by Steinhoff (2010), seasonally varying conditions can cause 
acclimation and adaptation processes in sporophytes result-
ing in unequal UVR susceptibilities. Furthermore, Steinhoff 
(2010) suggested that the maturation stage of parental kelp 
sporophytes is an important factor influencing spore viability 
and performance. Hence, although our results suggest that 
natural radiation conditions do not negatively affect spores, 
susceptibility might be season dependent. This underlines 
the importance of studies on parental conditions and their 
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effect on spore recruitment. We measured a moderate posi-
tive correlation between initial Fv/Fm values and germina-
tion success, demonstrating that initial spore quality deter-
mines germination success of the incubated spore solution.
Motility of spores was clearly influenced by irradiance. 
Under high radiation conditions, spore motility decreased 
earlier than that under low radiation conditions. This sug-
gests induction of settlement when light requirements are 
met, and competition for light with larger individuals is 
excluded. However, the observed photodamage after con-
stant exposure to nc conditions suggests that spores might 
also become immobile due to cell-damage under these 
conditions. In contrast, in both treatments (no canopy and 
very dense canopy) germination tubes developed 16 h after 
release irrespective of radiation conditions. Therefore, the 
onset of germination might be induced by intrinsic rather 
than extrinsic factors and cessation of motility could be 
attributed to settlement (see also Pillai et al. 1992; Reed 
et al. 1992). Tube formation is accompanied by substantial 
organizational changes within the spores (Pillai et al. 1992). 
Hence, it is crucial for upcoming studies to further investi-
gate changes in metabolism during the spore’s developmen-
tal process: It is not clear to what extent these changes are 
accompanied by internal modifications on a metabolic level, 
e.g. in enzyme synthesis rate and concomitant repair capac-
ity for photodamage. Therefore, a comparison of responses 
to environmental conditions over longer time spans might 
allow observing consecutive developmental stages and 
elucidate their different response mechanisms to external 
stressors.
Figure 6 summarizes all available data (published and 
this study) on thresholds for UVB and PAR, beyond which 
stress responses are induced. The limit for UVB is at 0.16 W 
 m−2, and for PAR this limit is at 33 W  m−2. While PAR 
intensity at which germination success is inhibited has not 
been identified so far, UVB of 0.34 W  m−2 leads to reduced 
germination success. It becomes evident that highest natural 
intensities are 25 fold lower than those that negatively affect 
germination success.
Conclusions and outlook
We clearly demonstrated that laboratory radiation conditions 
in previous studies were strongly different from natural con-
ditions. The applied intensities differed, and also spectral 
composition was skewed. Negative effects on spores by high 
UVR or PAR are unlikely to occur naturally at the investi-
gated site. However, as spore responses differ with sampling 
season (Wiencke et al. 2000, 2004, 2006, 2007a), results 
from this study might not be valid for material collected 
during other seasons of the year.
The parental kelp canopy strongly decreases the avail-
able underwater radiation. In addition, times under which 
protection from high radiation is necessary are probably rare 
events over the course of the year and not always coinciding 
with spore release situations. Many kelps in Kongsfjorden 
are autumn-to-spring fertile (Bartsch, unpublished), thereby 
avoiding high irradiance situations for their spores, but not 
Alaria esculenta which is summer fertile (Olischläger et al. 
2013). Attenuations by the water body and the parental kelp 
canopy are substantial (this study, Pavlov et al. 2019) and 
suggest that spores rather have to cope with extremely low 
radiation rather than with high radiation conditions. PAR 
and UVR are already buffered through the water body, and 
hence, even removal of the whole canopy will unlikely lead 
to irradiation environments impairing recruitment. On a 
wider geographical scale, this is confirmed by the findings 
of Krause-Jensen et al. (2007), Krause-Jensen et al. (2012), 
and Bartsch et al. (2016): Productivity of large brown algae 
along the Eastern coast of Greenland and in Kongsfjorden is 
higher under elevated temperatures and prolonged ice-free 
periods, and many kelps are expected to extend their distri-
butional range northward in future (e.g. Müller et al. 2008; 
Assis et al. 2016, 2018).
Dynamic adjustments in spore physiology were indi-
cated in pigment content and swimming duration. How-
ever, growth conditions of the sporophytes before release 
and parental investment seem to have great influence on the 
phenotype and performance of spores. Future studies should 
investigate parental investment under different environmen-
tal and culture conditions to allow for comparison of spore 
responses to experimental treatments. Metabolic changes 
and structural reorganization within the short planktonic 
phase of kelp spores should be investigated to differentiate 
between internally and externally induced responses.
Acknowledgements We thank Angela Wendt, Britta Meyer-Schlosser, 
Max Schwanitz and the diving team at Ny-Ålesund and the AWIPEV 
staff without whom practical realization would not have been possi-
ble. Furthermore, we thank three anonymous reviewers for valuable 
comments and criticism on the manuscript. This project was part of 
the KOL06 research frame on biology of Arctic benthic macroalgae.
Compliance with ethical standards 
Conflict of interest The authors have no conflicts of interest to declare 
regarding this report or study.
References
Aguilera J, Bischof K, Karsten U, Hanelt D, Wiencke C (2002) Sea-
sonal variation in ecophysiological patterns in macroalgae from 
an Arctic fjord. II. Pigment accumulation and biochemical defence 




Assis J, VazLucas A, Bárbara I, Serrão EA (2016) Future climate 
change is predicted to shift long-term persistence zones in the 
cold-temperate kelp Laminaria hyperborea. Mar Environ Res 
113:174–182
Assis J, Araújo MB, Serrao EA (2018) Projected climate changes 
threaten ancient refugia of kelp forests in the North Atlantic. Glob 
Change Biol 24:e55–e66
Bartsch I, Paar M, Fredriksen S, Schwanitz M, Daniel C, Hop H, Wie-
ncke C (2016) Changes in kelp forest biomass and depth distribu-
tion in Kongsfjorden, Svalbard, between 1996–1998 and 2012–
2014 reflect Arctic warming. Polar Biol 39:2021–2036. https ://
doi.org/10.1007/s0030 0-015-1870-1
Beale SI, Appleman D (1971) Chlorophyll synthesis in Chlorella—
Regulation by degree of light limitation of growth. Plant Physiol 
47:230–235
Bischof K, Hanelt D, Tüg H, Karsten U, Brouwer PEM, Wiencke C 
(1998) Acclimation of brown algal photosynthesis to ultraviolet 
radiation in Arctic coastal waters (Spitsbergen, Norway). Polar 
Biol 20:388–395. https ://doi.org/10.1007/s0030 00050 319
Bischof K, Hanelt D, Wiencke C (1999) Acclimation of maximal quan-
tum yield of photosynthesis in the brown Alga Alaria esculenta 
under high light and UV radiation. Plant Biol 1:435–444. https ://
doi.org/10.1111/j.1438-8677.1999.tb007 26.x
Brey L (2009) Acclimation of kelp photosynthesis to seasonal changes 
in the underwater radiaton regime of an Arctic fjord system. Dis-
sertation, University of Bremen
Christie H, Jørgensen NM, Norderhaug KM, Waage-Nielsen E (2003) 
Species distribution and habitat exploitation of fauna associated 
with kelp (Laminaria hyperborea) along the Norwegian coast. J 
Mar Biol Assoc UK 83:687–699. https ://doi.org/10.1017/S0025 
31540 30076 53h
Cruces E, Huovinen P, Gómez I (2012) Phlorotannin and antioxidant 
responses upon short-term exposure to UV radiation and elevated 
temperature in three south pacific kelps. Photochem Photobiol 
88:58–66. https ://doi.org/10.1111/j.1751-1097.2011.01013 .x
Dameris M, Godin-Beekmann S, Bekki S, Perlwitz J, Alexander S, 
Braesicke P, Chipperfield MP, Jos de Laat AT, Orsolini YJ, Rex 
M, Santee ML (2014) Update on polar ozone: past, present and 
future. In: Global ozone research and monitoring project—report 
no. 55. World Meteorological Organization, Geneva
de Mendiburu F (2015) R-package “agricolae”: statistical procedures 
for agricultural research.
Falkowski PG, LaRoche J (1991) Acclimation to spectral irra-
diance in Algae. J Phycol 27:8–14. https ://doi.org/10.111
1/j.0022-3646.1991.00008 .x
Fox J, Weisberg S (2011) R-package “car”: An R companion to applied 
regression, 2nd edn. Sage, Thousand Oaks
Fredersdorff J, Müller R, Becker S, Wiencke C, Bischof K (2009) Inter-
active effects of radiation, temperature and salinity on different 
life history stages of the Arctic kelp Alaria esculenta (Phaeo-
phyceae). Oecologia 160:483–492. https ://doi.org/10.1007/s0044 
2-009-1326-9
Gerard VA (1984) The light environment in a giant kelp forest: influ-
ence of Macrocystis pyrifera on spatial and temporal variability. 
Mar Biol 84:189–195. https ://doi.org/10.1007/BF003 93004 
Hanelt D, Tüg H, Bischof K, Groß C, Lippert H, Sawall T, Wiencke C 
(2001) Light regime in an Arctic fjord: a study related to strato-
spheric ozone depletion as a basis for determination of UV effects 
on algal growth. Mar Biol 138:649–658. https ://doi.org/10.1007/
s0022 70000 481
Harrell FE Jr. with contributions from Charles Dupont and many oth-
ers (2015) R-package “Hmisc”: Hmisc: Harrell Miscellaneous.
Hop H, Pearson T, Hegseth EN, Kovacs KM, Wiencke C, Kwasniewski 
S, Eiane K, Mehlum F, Gulliksen B, Wlodarska-Kowalszuk M, 
Lydersen C, Weslawski JM, Cochrane S, Gabrielsen GW, Leakey 
RJG, Lønne OJ, Zajaczkowski M, Falk-Petersen S, Kendall M, 
Wängberg S-Å, Bischof K, Voronkov AY, Kovaltchouk NA, Wik-
tor J, Poltermann M, di Prisco G, Papucci C, Gerland S (2002) 
The marine ecosystem of Kongsfjorden, Svalbard. Polar Res 
21:167–208. https ://doi.org/10.1111/j.1751-8369.2002.tb000 73.x
Kirk JTO (2011) Light and photosynthesis in aquatic ecosystems, 3rd 
edn. Cambridge University Press, Cambridge
Koivikko R, Loponen J, Honkanen T, Jormalainen V (2005) Contents 
of soluble, cell-wall-bound and exuded phlorotannins in the brown 
alga Fucus vesiculosus, with implications on their ecological func-
tions. J Chem Ecol 31:195–212. https ://doi.org/10.1007/s1088 
6-005-0984-2
Krause-Jensen D, Kühl M, Christensen PB, Borum J (2007) Benthic 
primary production in Young Sound, Northeast Greenland. Bio-
science 58:160–173
Krause-Jensen D, Marbà N, Olesen B, Sejr MK, Christensen PB, Rod-
rigues J, Renaud PE, Balsby TJS, Rysgaard S (2012) Seasonal 
sea ice cover as principal driver of spatial and temporal varia-
tion in depth extension and annual production of kelp in Green-
land. Glob Change Biol 18:2981–2994. https ://doi.org/10.111
1/j.1365-2486.2012.02765 .x
Larsen JN, Anisimov OA, Constable A, Hollowed AB, Maynard N, 
Prestrud P, Prowse TD, Stone JMR (2014) Polar regions. In: Bar-
ros VR, Field CB, Dokken DJ, Mastrandrea MD, Mach KJ, Bilir 
TE, Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma B, 
Kissel ES, Levy AN, MacCracken S, Mastrandrea PR, White LL 
(eds) Climate change 2014: impacts, adaptation, and vulnerability. 
Part b: regional aspects. Contribution of working group II to the 
fifth assessment report of the intergovernmental panel on climate 
change. Cambridge University Press, Cambridge
Lau MK (2013) R-package “DTK”: Dunnett-Tukey-Kramer pairwise 
multiple comparison test adjusted for unequal variances and une-
qual sample sizes.
Mann ME, Bradley RS, Hughes MK (1998) Global-scale temperature 
patterns and climate forcing over the past six centuries. Nature 
392:779–787. https ://doi.org/10.1038/33859 
Manney GL, Santee ML, Rex M, Livesey NJ, Pitts MC, Veefkind P, 
Nash ER, Wohltmann I, Lehmann R, Froidevaux L, Poole LR, 
Schoeberl MR, Haffner DP, Davies J, Dorokhov V, Gernandt H, 
Johnson B, Kivi R, Kyrö E, Larsen N, Levelt PF, Makshtas A, 
McElroy CT, Nakajima H, Parrondo MC, Tarasick DW, von der 
Gathen P, Walker KA, Zinoviev NS (2011) Unprecedented Arctic 
ozone loss in 2011. Nature 478:469–475. https ://doi.org/10.1038/
natur e1055 6
Müller R, Wiencke C, Bischof K (2008) Interactive effects of UV radia-
tion and temperature on microstages of Laminariales (Phaeophy-
ceae) from the Arctic and North Sea. Clim Res 37:203–213. https 
://doi.org/10.3354/cr007 62
Müller R, Wiencke C, Bischof K, Krock B (2009) Zoospores of three 
Arctic Laminariales under different UV radiation and temperature 
conditions: exceptional spectral absorbance properties and lack of 
phlorotannin induction. Photochem Photobiol 85:970–977. https 
://doi.org/10.1111/j.1751-1097.2008.00515 .x
Nixon PJ (2000) Chlororespiration. Philos Trans R Soc B Biol Sci 
355:1541–1547. https ://doi.org/10.1098/rstb.2000.0714
Olischläger M, Wiencke C (2013) Seasonal fertility and combined 
effects of temperature and UV-radiation on Alaria esculenta and 
Laminaria digitate (Phaeophyceae) from Spitsbergen. Polar Biol 
36:1019–1029. https ://doi.org/10.1007/s0030 0-013-1325-5
Pavlov AK, Leu E, Hanelt D, Bartsch I, Karsten U, Hudson SR, Gallet 
JC, Cottier F, Cohen JH, Berge J, Johnsen G, Maturilli M, Kow-
alczuk P, Sagan S, Meler J, Granskog MA (2019) The underwater 
light climate in Kongsfjorden and its ecological implications. In: 
Hop H, Wiencke C (eds) The ecosystem of Kongsfjorden, Sval-
bard. Advances in polar ecology, vol 2, Springer, New York
Polar Biology 
1 3
Pearse JS, Hines AH (1979) Expansion of a central California kelp 
forest following the mass mortality of sea urchins. Mar Biol 
51:83–91. https ://doi.org/10.1007/BF003 89034 
Pillai MC, Baldwin JD, Cherr GN (1992) Protoplasma 170:34–45. 
https ://doi.org/10.1007/BF013 84455 
R Core Team (2018) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna
Ramus J, Beale SI, Mauzerall D, Howard KL (1976) Changes in pho-
tosynthetic pigment concentration in seaweeds as a function of 
water depth. Mar Biol 37:223–229. https ://doi.org/10.1007/BF003 
87607 
Reed DC, Amsler CD, Ebeling AW (1992) Dispersal in kelps: factors 
affecting spore swimming and competency. Ecology 73:1577–
1585. https ://doi.org/10.2307/19400 11
Roleda MY, Wiencke C, Hanelt D, van de Poll WH, Gruber A (2005) 
Sensitivity of Laminariales zoospores from Helgoland (North Sea) 
to ultraviolet and photosynthetically active radiation: implications 
for depth distribution and seasonal reproduction. Plant Cell Envi-
ron 28:466–479. https ://doi.org/10.1111/j.1365-3040.2005.01288 
.x
Roleda MY, Wiencke C, Lüder UH (2006a) Impact of ultraviolet radia-
tion on cell structure, UV-absorbing compounds, photosynthesis, 
DNA damage, and germination in zoospores of Arctic Saccorhiza 
dermatodea. J Exp Bot 57:3847–3856. https ://doi.org/10.1093/
jxb/erl15 4
Roleda MY, Clayton MN, Wiencke C (2006b) Screening capac-
ity of UV-absorbing compounds in spores of Arctic Laminari-
ales. JEMBE 338:123–133. https ://doi.org/10.1016/j.jembe 
.2006.07.004
Roleda MY, Hanelt D, Wiencke C (2006c) Exposure to ultraviolet 
radiation delays photosynthetic recovery in Arctic kelp zoo-
spores. Photosynth Res 88:311–322. https ://doi.org/10.1007/
s1112 0-006-9055-y
Santelices B, Ojeda FP (1984a) Effects of canopy removal on the 
understory algal community structure of coastal forests of Mac-
rocystis pyrifera from southern South America. Mar Ecol Prog 
Ser 14:165–173
Santelices B, Ojeda FP (1984b) Population dynamics of coastal for-
ests Macrocystis pyrifera in Puerto Toro, Isla Navarino, Southern 
Chile. Mar Ecol Prog Ser 14:175–183
Schoenwaelder MEA (2002) The occurrence and cellular significance 
of physodes in brown algae. Phycologia 41:125–139. https ://doi.
org/10.2216/i0031 -8884-41-2-125.1
Schoenwaelder MEA, Clayton MN (1998) The secretion of phe-
nolic compounds following fertilization in Acrocarpia panicu-
lata (Fucales, Phaeophyta). Phycologia 37:40–46. https ://doi.
org/10.2216/i0031 -8884-37-1-40.1
Steinhoff FS (2010) Phlorotannins as UV-protective substances in 
early developmental stages of brown algae—Phlorotannine als 
UV-Schutzsubstanzen in frühen Entwicklungsstadien von Brau-
nalgen. Dissertation, University of Bremen
Steinhoff FS, Wiencke C, Müller R, Bischof K (2008) Effects of ultra-
violet radiation and temperature on the ultrastructure of zoospores 
of the brown alga Laminaria hyperborea. Plant Biol 10:388–397. 
https ://doi.org/10.1111/j.1438-8677.2008.00049 .x
Svendsen H, Beszczynska-Møller A, Hagen JO, Lefauconnier B, Tver-
berg V, Gerland S, Ørbøk JB, Bischof K, Papucci C, Zajaczkowski 
M, Azzolini R, Bruland O, Wiencke C, Winther J-G, Dallman W 
(2002) The physical environment of Kongsfjorden-Krossfjorden, 
an Arctic fjord system in Svalbard. Polar Res 21:133–166. https 
://doi.org/10.1111/j.1751-8369.2002.tb000 72.x
Tokinaga H, Xie S-P (2011) Weakening of the equatorial Atlantic cold 
tongue over the past six decades. Nat Geosci 4:222–226. https ://
doi.org/10.1038/ngeo1 078
Wang M, Overland JE (2009G) A sea ice free summer Arctic 
within 30 years? Geophys Res Lett 36:L07502. https ://doi.
org/10.1029/2009G L0378 20
Wiencke C, Gomez I, Pakker H, Flores-Moya A, Altamirano M, Hanelt 
D, Bischof K, Figuero FL (2000) Impact of UV-radiation on 
viability, photosynthetic characteristics and DNA of brown algal 
zoospores: implications for depth zonation. Mar Ecol Prog Ser 
197:217–229. https ://doi.org/10.3354/meps1 97217 
Wiencke C, Clayton MN, Schoenwaelder M (2004) Sensitivity and 
acclimation to UV radiation of zoospores from five species of 
Laminariales from the Arctic. Mar Biol 145:31–39. https ://doi.
org/10.1007/s0022 7-004-1307-9
Wiencke C, Roleda MY, Gruber A, Clayton MN, Bischof K (2006) 
Susceptibility of zoospores to UV radiation determines upper 
depth distribution limit of Arctic kelps: evidence through 
field experiments. J Ecol 94:455–463. https ://doi.org/10.111
1/j.1365-2745.2006.01102 .x
Wiencke C, Lüder UH, Roleda MY (2007a) Impact of ultraviolet radia-
tion on physiology and development of zoospores of the brown 
alga Alaria esculenta from Spitsbergen. Physiol Plant 130:601–
612. https ://doi.org/10.1111/j.1399-3054.2007.00923 .x
Wiencke C, Clayton MN, Gómez I, Iken K, Lüder UH, Amsler CD, 
Karsten U, Hanelt D, Bischof K, Dunton K (2007b) Life strategy, 
ecophysiology and ecology of seaweeds in polar waters. In: Amils 
R, Ellis-Evans C, Hinghofer-Szalkay H (eds) Life in extreme envi-
ronments. Springer, Dordrecht.
Wright SW, Jeffrey SW, Mantoura RFC, Llewellyn CA, Bjørnland T, 
Repeta D, Welschmeyer N (1991) Improved HPLC method for the 
analysis of chlorophylls and carotenoids from marine phytoplank-
ton. Mar Ecol Prog Ser 77:183–196
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
